New measurements of the absorption cross sections of gaseous benzene, toluene, meta-, ortho-, and para-xylene have been performed with a Fourier transform spectrometer Bruker IFS120 M at the resolution of 1 cm À1 over the 30 000-42 000 cm À1 spectral range. The recordings were carried out under different pressure and temperature conditions with pure samples. The effect of the temperature on the absorption cross sections is investigated. Comparison with the literature shows large differences, largely attributed to the experimental difficulties encountered during these previous measurements and to a resolution effect. To our knowledge, it is the first time that such a dataset of UV absorption cross sections with temperature dependence is reported in the literature. Such data should be useful for upcoming remote sensing applications, such as atmospheric studies both on Earth and on other planets.
Introduction
The aromatic species such as benzene (C 6 H 6 ), toluene (C 7 H 8 ), and xylenes (or the three isomers of dimethyl-benzene C 6 H 4 (CH 3 ) 2 ) present a growing interest, because of their role in the chemistry of the tropospheric ozone [1] , but also because of their noxious effects on human health. Typical annual average concentrations in urban locations range from 1 to 100 ppbv but exhibit considerable diurnal and seasonal variations [2] [3] [4] [5] [6] [7] [8] . Daily mean values in a urban environment have been observed to lie in the ranges 1-12, 1-30, 0-4, 1-18, and 0-4 ppb for benzene, toluene, m-, o-, and p-xylenes, respectively, but higher peak values are also measured [2, 6, 8] . Spectroscopic measurements of aromatic compounds in the atmosphere have been reported by several authors [3, 6, 7, 9] . However, the quality of those detections is poor as comparisons with gas chromatography measurements show discrepancies up to a factor of 10 [10] [11] [12] . Volkamer et al. [13] attributed the weak correlation to the use of a spectrometer with insufficient spectral resolution, the overlap with the Hertzberg O 2 bands absorbing in the same spectral region, and the use of poor quality absorption cross sections.
Benzene is one of the heaviest hydrocarbons ever identified in the giant planets' atmospheres. It has been detected in the north polar auroral region of Jupiter [14] and in the stratospheres of Jupiter and Saturn [15] as well as in Titan's atmosphere [16] . Benzene and substituted benzenes as well as toluene were observed in laboratory experiments reproducing the photochemistry of Titan [17] . Models of the atmospheres of Jupiter, Saturn, and Titan now include benzene in their photochemistry scheme [18] [19] [20] [21] . The accurate knowledge of the photoabsorption cross section of such species is Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jqsrt required for those modeling studies. The need for laboratory spectroscopic data to study organic chemistry in planetary atmospheres was highlighted in [22] [23] [24] . In particular, low temperature dependence in the UV range is an important concern.
The UV absorption spectrum of benzene is attributed to the S 1 ( 1 B 2u )'S 0 ( 1 A 1g ) electronic transition. It is the lowest singlet system of the molecule and is electronically forbidden but vibrationally induced. The dominant vibronic progression is designated 6 1 0 and involves n 1 the symmetrical ring-breathing vibration. This band becomes more allowed and therefore more intense as the D 6h symmetry is broken in methyl and dimethyl-substituted benzene, i.e., toluene and xylene, respectively. The rotational structure of the S 1 'S 0 6 1 0 transition in benzene has been completely analyzed by [25] .
Existing data in the literature for remote sensing applications [26] [27] [28] [29] [30] [31] have been recorded at low resolutions and at room temperature (see Table 1 for the description of the existing literature data). The absolute absorption cross section of benzene was measured by Pantos et al. [28] at room temperature in the 135-270 nm (37 100-74 200 cm À1 ) region with a resolution of 0.08 and 0.25 nm and by Hiraya and Shobatake [26] in the 130-260 nm (38 500-76 900 cm À1 ) at 185 K. Suto et al. [30] measured the photoabsorption cross section of benzene and m-, o-, and p-xylenes in the 106-295 nm (33 900-94 300 cm À1 ) spectral region using synchrotron radiation as the light source and at a resolution of 0.1 nm. Milton et al. [27] report measurements of the absorption cross section of benzene and toluene in the near-ultraviolet performed at a resolution of 0.2 nm. However these data are no longer available in digital format. Trost et al. [31] report cross section of several aromatic hydrocarbons, including those of benzene, toluene, and the xylenes, measured at a resolution of 0.11 nm in view of DOAS (differential optical absorption spectroscopy) measurements of hydrocarbons in the field. These data were upgraded by measurements performed by Etzkorn et al. [29] , who obtained UV cross sections at a resolution of 0.15 nm and IR spectra at 1 cm À1 resolution. Recently, interest was shown in the measurements of the absorption cross sections of hydrocarbons in the mid-IR region: Klingbeil et al. [32] investigated a series of gaseous hydrocarbons, and in particular derived the temperature dependency of the cross sections of toluene and m-xylene; Rinsland et al. [33] measured the absorption of benzene vapor and analyzed the integrated band intensities as function of the temperature.
Several authors [13, [34] [35] [36] have shown that, in the frame of atmospheric studies, absorption cross sections have to be measured at high resolution, even if their final use only requires low resolution, such as in DOAS techniques. Otherwise non-linearities are introduced during the convolution process and therefore in the retrieval process. The importance of the resolution, of the temperature dependence, but also of the wavelength accuracy has been addressed in the recent literature in several similar laboratory studies on other molecules like ozone [37] , BrO [38] , OClO [39] , formaldehyde [40] , NO 2 [41, 42] , and NO 3 [43] . Some of them also deal with pressure effects. By taking into account these experimental aspects, these studies achieve to report accurate absolute absorption cross sections aiming at improvements of reference data for spectroscopic databases.
Similarly to such studies, the aim of the present work is to provide absorption cross sections at higher resolution than previously reported and to investigate the temperature effect in support of tropospheric and astrophysical applications. The present unique systematic study of five organic molecules includes an error estimate and comparisons with available literature data. The complete dataset comprising the absorption cross sections at different temperatures is available in electronic format from the website of the Belgian Institute for Space Aeronomy (http://www.aeronomie.be/spectrolab/) or upon request to the corresponding author.
Experimental description
All measurements were carried out with a Fourier transform spectrometer Bruker IFS120M (see Fig. 1 for a schematic of the experimental configuration). The combination of a Xenon high pressure lamp (450 W) and a UV-diode detector allows the covering of the 30 000-42 000 cm À1 spectral region. Spectra have been recorded at the resolution of 1 cm À1 (MOPD ¼ 0.9 cm) with no apodization. The choice of this resolution is a compromise between having the best resolution and the highest signal to noise ratio and limiting the measurement time thus reducing pressure variations in the cell. The latter may be due to photodissociation processes under UV illumination or polymerization on the cell windows and walls. To evaluate and limit those processes, (1) the cell was not illuminated, when it was filled, preventing any photodissociation to occur while the pressure was stabilizing; (2) spectra were recorded in successive blocks, allowing the detailed study of the evolution of the signal during the whole duration of the experiment. The recording of one block of scans (see Table 2 ) lasted about 4-8 min depending on the number of co-added scans (64 and 128, respectively). Once the cell was illuminated, the total pressure inside the cell would in general increase by 2-10% while the absorption amplitude measured in the successive blocks would decrease, indicating that photodissociation was the main process taking place inside the cell. To correct for this pressure variation, the absorption signature observed in the successive blocks was scaled to the absorption present in the first block.
Two types of 10 cm long cells were used during this study. The first series of cells were 5 cm of diameter with the body made of Pyrex and the windows of Quartz. These cells could not be temperature stabilized and were only used for the determination of the absorption cross sections at room temperature. The cell was replaced each time the molecular species Mid-IR (615-6100 cm
PD ¼ photodiode array; C ¼ cell length; P ¼ pressure. c Conversion to wavenumber (cm À1 ) performed at 37 000 cm À1 . d n ¼ not specified. e Vibrational temperature. f Uncertainty calculated from uncertainty on the cell length, temperature and concentration reported in Table 3 of Trost et al. [31] . g Uncertainty calculated from Table 1 in Etzkorn et al. [29] .
was changed, i.e., between two experiments. Another cell, made of stainless steel with double CaF 2 windows, was temperature stabilized by the circulation of a cooling fluid (methanol) through the foam insulated jacket of the cell and by use of a cryostat (Haake DC10). This cell was used for the experiments at room and low temperatures. Temperature was measured using a thermocouple type T sensor placed inside the cell (accuracy of 2 K). The windows were continuously flushed by dry N 2 to prevent any condensation at cold temperatures. During one complete measurement (about 6 h), the temperature was observed to vary by less than 0.5 K. The cell windows were replaced by clean ones between two experiments. For all cells, pressure was measured using two Baratron pressure gauges with, respectively, 1000 and 10 Torr full range (accuracy of 0.08% reading). Both gauges were calibrated (0 and full scale) before the measurement campaign.
The gaseous samples were prepared from liquid products (Flü ka and Riedel-De Haë n with purity of ''pro analysis'' type, 499% for xylenes and 499.9% for benzene and toluene). The liquid sample was first purified by repeatedly pumping on the sample frozen at liquid nitrogen temperature. Because of the large volatility of those compounds, vapor was then obtained by degassing.
One complete experiment at a given temperature consisted of the following steps:
(i) before a set of measurements, the light source was left in operation for several hours to stabilize its intensity; (ii) a blank measurement was recorded with the cell empty; (iii) the light beam was deviated from the entrance of the cell while the species was introduced. After a time long enough (a few minutes) to allow for the stabilization of the pressure inside the cell, the light was admitted into the cell and spectra were recorded; (iv) the gas was pumped out and a new blank spectrum was recorded.
Such a procedure was repeated at least two times for each species and each temperature. Spectra were recorded at 253, 263, 273, 283, and 293 K. Some pressure-temperature combinations were however impossible to achieve due to the decrease of the saturation vapor pressure with temperature. In particular, for the three xylene molecules, no measurements at 263 and 253 K could be performed. Table 2 presents the experimental conditions under which all the spectra used in this study were obtained. By performing numerous recordings at several pressures and temperatures, we could validate each individual measurement, check their repeatability, and average them in order to obtain a better signal-to-noise ratio. 
Data analysis
Absorption cross sections were deduced from the different measurements using the following equation:
with
where n BTX is the concentration of the species inside the cell calculated from its partial pressure, d is the cell length (10 cm), I 0,before and I 0,after are, respectively, the blank spectra recorded before and after the BTX measurement, and I is the intensity measured when the cell contained the studied species. Measured pressures were corrected for the thermal transpiration of the capacitance manometer using the formalism described in Poulter et al. [44] .The final absorption cross section at a given temperature is the average of all cross sections obtained independently. The temperature effect was determined by taking into account all the absorption cross sections of a species at all the available temperatures. When the dataset was large enough (spectra available for at least three different temperatures), a linear dependency with respect to temperature was used to simulate this effect defining a temperature coefficient c(n). The choice to use this simple description for the temperature effect results from the small number of different temperatures investigated in this work. As will be shown later for benzene and toluene, the absorption cross section values at the peak maxima are well reproduced by a linear temperature dependence. In the troughs, the temperature effect is very small, generally within the uncertainty on the absorption cross section themselves. The absorption cross section at temperature T can be calculated using the following relation:
The systematic uncertainties on the absorption cross sections have been estimated by considering different error sources: uncertainties on the concentration, taking into account the uncertainties on the temperature (2 K) and the pressure, as well as uncertainties on the length of the cell (2%). The uncertainties on the pressure come from the reading accuracy and the pressure variation during the measurement. As already mentioned, the total pressure could vary by 2-10% inside the cell but this variation was not a direct reading of the evolution of the partial pressure of the species of interest. Spectra were therefore corrected by scaling the absorption measured in each individual block of scans to the absorption observed in the first block, and inaccuracy on the pressure was estimated to be 5%. Taking into account all these error sources, the total systematic uncertainty on the cross section has been estimated to be of the order of 8% if we consider a simple error propagation calculation from Eq. (1). Non-systematic uncertainties on the absorption cross sections were also estimated. Those mostly are due to the noise level on the absorbance (i.e., the noise levels on I and I 0 ) and to the lamp drift with time. Noise levels were evaluated as the rms standard deviation of the measured spectra where no absorption features are located. Lamp drift was estimated by looking at the evolution of the intensity of the lamp spectra in the 35 000-36 000 cm À1 interval, where there is no absorption due to the investigated species. This simple correction assumes that the evolution of the lamp spectrum in time does not vary with wavenumbers. It was found that the lamp intensity would be, for the worst cases, between 0.95 and 1.05 that of the first block of the I 0,before , leading to a upper limit of 10% for the lamp intensity variation. This variation influence the accuracy on the absorption cross section through the definition of the absorbance (ln(I 0 /I)). At lower temperature, the non-systematic error is larger because the averaging had to be performed on a smaller number of individual cross sections: typically two measurements were carried out at 253 K instead of 5 at 293 K (see Table 2 ). Non-systematic errors are given in the files which are available from the website of the Belgian Institute for Space Aeronomy (http://www.aeronomie.be/ spectrolab/).
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In the next sections, those results are presented in more details for each species separately.
Results and discussion
4.1. Absorption cross section at room temperature 4.1.1. Resolution effect and wavenumber calibration Fig. 2 , which compares the absorption cross section of benzene obtained in this work with some recent data from the literature [27, [29] [30] [31] , illustrates the effect of the resolution: at the resolution used in this work, structures of high intensity appear, which are completely smoothed out when operating at a coarser resolution.
Another problem encountered with data from the literature is the poor wavelength calibration of these data. For example, from the lower panels of Fig. 4 , the importance of the wavenumber discrepancy may be inferred. Although benzene data of Trost et al. [31] have been shifted by 20.2 cm À1 to make the absorption structures coincide at best, there still is a difference in the positions of some of the absorption structures. This means that the discrepancy between both wavenumber scales is not reproduced by only a shift but that a stretching of the scale should also be introduced. The same is observed for the other species, as for example in Fig. 6(b) for toluene where small shifts are still visible even after having shifted the data of Etzkorn et al. by a constant value of 24.6 cm
À1
. In this study, we have however limited the correction of the wavelength scale of the different literature datasets to a shift, as the introduction of a stretch would not change the conclusions of the comparison. The values of the applied shifts are summarized in Table 3 (and reminded in the legend of the figures). It is seen that the wavenumber shifts vary between À48.8 and +42.7 cm
, and that the best agreement is observed with the values of Etzkorn et al. [25] except for toluene. For comparison purposes those shifts have also been converted in nanometers (conversion performed at 37 000 cm À1 ) and have to be compared to the announced accuracy on the wavelength scales of the literature data. For the data of Etzkorn et al. [25] no wavelength accuracy is given, however the values of the shifts are of the same order of their wavelength sampling (0.038 nm) except for toluene. Milton et al. [27] announced an accuracy of 1 nm on their wavelength scale which is far higher than the shifts found in this work. Shifts introduced in the data of Trost et al. [31] are a factor of 10 higher than their sampling (0.038 nm) and are also higher than the stated resolution. In Suto et al. [30] , there is no discussion of the wavelength calibration and the shifts are different from one species to the other. The use of a FTS greatly improves the accuracy on the determination of the wavenumber scale, as the latter is derived from the intervals at which the interferogram is sampled, which are defined by the fringes of a stabilised He-Ne laser, that acts thus as an internal reference. The wavenumber of this laser is known very accurately and is very stable. As a result, the wavenumber calibration of interferometers is much more accurate and has much better long term stability than the calibration of dispersive instruments (Connes advantage). The estimated accuracy on the wavenumbers, based on I 2 calibration measurements, is of the order of 0.02 cm
. The spectrometer was not operated under vacuum so that all wavenumbers given in this work are expressed in air and are therefore defined as 1/l air .
In order to perform reliable comparisons between absorption cross sections obtained at different resolutions, the data of the present work have been convolved with a Gaussian function to correspond to the lower resolution of the literature data. It should be reminded that a Gaussian function is not the exact representation of the instrumental (ILS) function of a grating spectrometer. It is however deemed a close enough approximation for the purpose of this paper. Of course, when adapting a cross section to a specific instrument, care should be taken to use the exact ILS function, and to even take into account the fact that this function might vary with wavelength. Those remarks explain some of the spikes seen in the plots comparing two datasets. Some of those spikes can also be attributed to the interpolation procedure. In the next sections of this paper, all the comparisons are therefore performed at equivalent resolution and with the best possible coincident wavenumber scale.
Benzene
The absorption cross section of benzene at 293 K obtained in this work corresponds to the average of all the spectra of the six experiments described in Table 2 , with pressure of benzene ranging from 0.987 to 3.079 Torr (1.3-4.1 hPa). Fig. 3 shows the absorption cross section on the 37 000-42 000 cm À1 spectral range, as well as the non-systematic error on the cross sections.
The detailed comparison of the data obtained in this work with data of the literature is presented in Fig. 4 , where the absolute differences are shown in the lower panels.
The best agreement is obtained for the data of Etzkorn et al. [29] , with a maximum absolute difference of 0.5 Â 10 À18 cm 2 /molecules located on the peak of absorption. Data from Milton et al. [27] also compare favorably with our new measurements. It should be noted that Milton et al. [27] reported measurements of BTX using a differential-absorption LIDAR and showed the absorption cross sections of toluene and benzene as examples to better locate the wavelengths to be chosen for the LIDAR detection. No data are available and we obtained the absorption cross section values by digitalizing the two graphics displayed in the paper. This should be kept in mind when looking at the comparison presented in Fig. 4 . Suto et al. [30] Results of the systematic comparison between the literature data and the results from the present study are summarized in Table 3 . Each dataset from the literature has been fitted by the linear expression
where the parameters a and b represent, respectively the offset and multiplicative factor. These numbers confirm the conclusions drawn before, i.e., that in the case of the data from Etzkorn et al. [29] and Milton et al. [27] the difference with the values of the present work can be essentially described by a multiplicative factor, whereas the data of Suto et al. [30] differ with ours essentially by an offset. Also, the relation with the data of Trost et al. [24] is well described by both a multiplicative factor and an offset.
Toluene
The absorption cross section of toluene has been determined from spectra recorded with pure samples at pressures ranging from 1.265 to 3.427 Torr (1.7-4.6 hPa) and is shown for the 36 000-42 000 cm À1 spectral range in Fig. 5 . These data have been compared to data available in the literature in Fig. 6 . The values of the three literature dataset are larger than the values of this work, with values from Etzkorn et al. and of Trost et al. being 1.5 times higher than ours for example. This is confirmed by the high and similar ($1.4) multiplicative factors reported in Table 3 . Fig. 6 and Table 3 show that the differences between our values and those of Etzkorn et al. [25] and Milton et al. [22] can both be attributed to a multiplicative factor, whereas the relation with Trost et al. [24] needs both an offset and a multiplicative factor to be described. In the case of the data of Etzkorn et al. the comparison has been limited to below 39 600.0 cm À1 , as for higher wavenumbers, Etzkorn's data decrease very rapidly. The same behavior of the three literature datasets with respect to our values was observed for benzene, although the multiplicative factors were closer to 1.0. The systematic bias observed between our absorption cross sections of toluene and three independent literature dataset is difficult to explain. Even if photolysis and/or polymerization occurred in the cell during our experiment, the fact that the recordings were performed in successive blocks of scans allowed us to correct for the evolution of the signal in time, as already explained. 
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Xylenes
The absorption cross sections of m-, o-, and p-xylene determined at room temperature are shown in Fig. 7 and detailed comparisons with data available in the literature [29] [30] [31] are detailed in Fig. 8-10 . Similar amplitude differences as for benzene and toluene are observed. Data of Etzkorn et al. [29] do compare very well with the new datasets for the isomers of dimethyl-benzene: within 3%, 3% and 1% for m-, o-and p-xylene, respectively. The agreement with the m-xylene data from Suto et al. [30] is within 3%, once a small offset has been removed, but reaches 16% and 18% for o-and p-xylene. Comparison with data from Trost et al. [31] show the presence of a large offset in each case combined to an amplitude factor up to 26%, as also mentioned in Table 3 .
Temperature effect 4.2.1. Benzene
Absorption cross sections of benzene at 253, 263, 273, 283, and 293 K have been determined from the spectra recorded during this study (see Table 2 ). Fig. 11 shows the evolution of the absorption cross section for four temperatures (253, 263, 283, and 293 K). The effect is small but still visible. It is not straightforward to explain the temperature effect on such broad structures, which are composed of a lot of individual lines, each of them having its particular temperature dependency as described by the Boltzmann population. However the net effect is that a decrease in temperature implies a decrease of intensity in the broad structures and an increase of the peak intensities. Fig. 12 shows trends in the absorption cross section for some selected wavenumbers with respect to the temperature. The selected frequencies correspond to peaks of absorption. The graphics reveals that for those frequencies the variation of absorption is linear with temperature over the temperature range investigated in this study and considering the error (systematic and non-systematic) on the cross section values.
The temperature coefficient deduced from a linear dependency assumption (see Eq. (4)) is presented in Fig. 13 . It is slightly positive in the region corresponding to the large structures and negative at the localizations of the peaks; it is null in between the absorption structures. By using this linear approximation, the absorption cross section at any temperature (within the temperature range investigated) may be determined. Such a temperature effect was also observed in the mid-IR region by Rinsland et al. [33] and Klingbeil et al. [32] , who moreover verified that the integrated band intensity was constant within the accuracy of their measurements for the different temperatures investigated. In the spectral region observed in the present work, it is not as easy as in the IR region to isolate completely some absorption band. We therefore arbitrarily selected four intervals: [37 , and a last interval covering the entire spectrum of benzene [37 800-40 600] cm À1 with the exception of the first band which is just outside the noise level. In each of these regions we determined the integrated absorption cross section. Ratios of those values relative to the value obtained at 293 K are listed in Table 4 . These values seem to indicate that the integrated absorption cross sections are constant at any of the investigated temperature and within the experimental accuracy.
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Toluene
Absorption cross sections of toluene at 273, 283, and 293 K have been determined from the spectra recorded during this study (see Table 2 ). Fig. 14 shows the evolution of the absorption cross section at the three temperatures. The intensity at the peak maxima increases for decreasing temperatures. This is also illustrated in Fig. 15 , where the evolution of the absorption cross section for some selected frequencies has been plotted against the temperature. The hypothesis of a linear regression describing the temperature effect seems to be validated by this graphics. The effect of the temperature outside ARTICLE IN PRESS the peak locations is very small. This temperature coefficient is reproduced in the bottom panel of Fig. 13 . It is negative at the peaks; slightly positive or null in between the absorption structures.
Xylenes
Due to the low vapor pressures of the xylenes, it was not possible to decrease the temperature below 273 K. Measurements performed with m-xylene were moreover rejected because the partial pressure of the gas was found not to ARTICLE IN PRESS The numbers are the ratio of the integrated values relative to the value at 293 K. be sufficiently stable during the experiment, as it varied a lot from one block of scans to the other. The signal to noise ratios associated to the measurements performed at the lower temperature are very low, impending the accurate determination of the temperature coefficients for those compounds. However, qualitative results can still be drawn. It is observed again that cooling the gas strengthens the absorption cross section at the peaks and weakens it in the large structures away from the peaks.
Conclusions
Absorption cross sections of benzene, toluene, and m-, o-, and p-xylenes have been measured with a Fourier transform spectrometer at the resolution of 1 cm À1 in the 30 000-42 000 cm À1 spectral range. Spectra were recorded with samples of pure gas at room and low temperature (253, 263, 273, 283, and 293 K).
The effect of low temperature on the absorption cross sections was investigated. The influence of temperature was always the largest at the maximum of the peaks. For benzene and toluene, a linear parameterization of the temperature dependence is proposed.
Comparison with literature data have shown that the overall closest agreement with our values is obtained with the data of Etzkorn et al. [24] . But, in general, it was found that literature data lacked the sufficient resolution to be compared directly, that their wavelength scales presented problems of shifts combined to stretches, and that the absolute values of the absorption cross sections present sometimes large discrepancy between the different datasets. In particular, the systematic bias of 40% between our values and three literature datasets observed for toluene needs to be more investigated by performing independent new measurements. The data from the literature were obtained at room temperature preventing the comparison of our new values at low temperature, and therefore forbidding the confirmation of the temperature effect.
The absorption cross sections with their temperature dependency presented in this paper should be helpful for upcoming atmospheric studies, on Earth but also on other planets. All data are available in digital form on the website of the Belgian Institute for Space Aeronomy (http://www.aeronomie.be/spectrolab/). 
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